ABSTRACT. Putative elements of secondary, tertiary and quaternary structure were examined for polylactic acid chains, attempting a parallel with secondary structure elements known from protein biology and also attempting an estimate, based on accurate atomic-level calculations, of interaction energies between polylactic acid chains. Spectroscopic parameters were predicted for all types of structure examined, in an attempt to aid our on-going efforts in synthesis and characterization of polylactic acid variants.
INTRODUCTION
Poly(lactic acid) (PLA) as a biodegradable polymer has a tremendous potential in medical, pharmacological and environmental applications [1] [2] [3] [4] . It degrades to nontoxic lactic acid which is naturally present in human body.
PLA homopolymer can crystallize in three polymorphs: α [5] [6] [7] [8] [9] , β [8, 10] and γ [7, 12] . The crystal structures have been studied by X-ray method, the experiments show the presence of 10 3 and 3 1 helical chains of molecules [6, 11] .
The equimolecular mixture of poly(L-lactic acid) (PLLA) and poly(Dlactic acid) (PDLA) enantiomers has another crystal modification known as the sc-form with 3 1 helices [13] [14] [15] [16] [17] [18] [19] . The crystal structures were also analyzed by computational chemistry. The poly(lactic acid) polymorphs were studied by rotational isomeric state models [20, 21] , molecular dynamics [9, 10] , Monte Carlo models [21, 22] , molecular mechanics [9] and quantum chemical [23] [24] [25] simulations. It was found that neither a pre 10 3 nor 3 1 helix could fit the experimental data perfectly, suggesting a certain degree of disorder in the structure.
RESULTS AND DISCUSSION
Four secondary-types structure were optimized -helical structures (α, π, 10 3 ) and β-sheet -employing molecular mechanics, semiempirical, ab initio and density functional methods. The highest-level method (DFT/M062x) denotes that the α, π and 10 3 structures have very similar energies, with π slightly favored by values, this in a contrast with results obtained with less accurate semiempirical and empirical methods, which predict larger differences and other structures as favorites. Figure 1 shows optimized geometries for models of polylalctic acid (PLA) employed in the present study. Decameric structures of L-lactic acid (PLLA) as well as of alternating D,L monomers (PDLLA) were employed. Details of these structures and their relative energies are described elsewhere. The energy in the case of PLLA are generally smaller than in the case of PDLLA, suggesting that such structures are more stable. The vibrational frequencies were computed for these optimized structures. In addition it was calculated the vibrational frequencies of the polylactic structure described by DeSantis.
The IR spectra shows characteristic bands mainly due to methylene and carboxylic C=O bonds. A repeat unit of PLA consists of three skeletal bonds: C-O, O-C α , C α -C. For PLA the bands are assigned due to backbone bond stretching (C-O, O-C α , C-C α ,), backbone bond angle bending (O-C-C α , C-O-C α , O-C α -C), for the side branches the bending (O-C α -C β , C-C α -C β , C α -C=O) and stretching (C α -C β , C=O). Figure 2 shows the IR spectrum of polylactic acid prepared as described in the Methods section. It can be seen the bands of C=O stretching (1751,20 cm -1 ), C-OC stretching (1117,42 cm -1 ) and CH bending and C-OC stretching (1064,37 cm -1 ). The IR spectra of the five structures show the same number of bands. The solvation does not involve any additional band.
The bands below 225 cm-1 are mainly due to the skeletal torsion. The 225-925 cm -1 region bands are assigned due to the bending of the side branches. There are no significant intensities.
The CH 3 is responsible for the appearance of the band in the 925-1110 cm -1 region due to the rocking vibrations. The solvation increases the intensities in the case of the three helical structures.
The C-CH 3 and C-OC stretching cause the presence of bands in the 1124-1213 cm -1 backbone stretching region. The intensities of the bands corresponding to C-CH 3 stretch are medium in the case of the helical structures, the water double these values. The β-sheet and the structure described by DeSantis provide weak bands. C-OC stretching band are shown in 1151-1217 cm -1 region. Assignment of the β-sheet is the most intensive, six times higher than the others. The solvation increases the intensity further. The structure described by DeSantis has a strong band in this region.
In the 1215-1412 cm -1 region it can be seen bands assigned to CH, CH 3 bending and C-O-C stretching. The intensity of the CH bending and C-O-C stretching in the case of β-sheet and the structure described by DeSantis are very strong in contrast with the helical structure. These are the highest intensity bands in the entire spectrum. The water does not influence these intensities. The CH bending intensities are roughly the same with the exception of structure described by DeSantis. The solvation increases the 600 1600 2600 3600 10 α 1850 1950 1100 1300 intensities in the case of the helical structures. A different medium band appear in this region due to the CH bending and CH 3 scissoring. It is worth noting the assignments in the 1407-1437 cm -1 region. In this interval appear the bands due to CH 3 scissoring vibrations. In the case of the three helical structures are not significant intensities, but in the case of β-sheet the intensity is notable.
IR spectra of the PLLA in the range of 1865-1932 cm -1 appear to be distinct for each of the five conformations. There is not much difference between the C=O stretching intensities calculated by DFT/M062x/6-31G** method. In turn the solvation increases the intensities in all five structures. The five conformers exhibit single absorption bands, spaced by about 9 and 18 cm -1 from each other.
The CH stretching, the symmetric and asymmetric stretching of CH3 result the appearance of weak bands in the 3050-3191 cm -1 CH spectral region. It can be seen that the stretching frequencies are higher than the corresponding bending frequencies.
The calculated frequencies (cm -1 ) and peak band assignment for the helical structures and β-sheet of PLLA are shown in tables [1] [2] [3] [4] .
In order to demonstrate that the chain conformation changes the interval of IR frequencies it was calculated the IR spectra of PDLLA and then compared to experimental data. Figure 4 . shows the IR spectrum of PDLLA. The spectrum represent the bands of CH bending and C-OC stretching (1088 cm -1 ), C-OC stretching (1188 cm -1 ), C=O stretching (1752 cm -1 ), CH 3 symmetric stretching (2945 cm -1 ), CH 3 asymmetric stretching (2997 cm -1 ) and OH stretching (3737 cm -1 ).
In the IR spectra of PDLLA it can be seen the same bands as in the case of PLLA. The bands below 900 cm -1 represent weak intensities. The CH 3 rocking and C-CH 3 stretching band intensities decrease slightly compared to PLLA. The C-OC stretching's bands appear at lower values (1146-1215 cm-1) than in the case of PLLA. The intensities of the α helix and the β-sheet increase significantly. The calculated intensity of assignment of β-sheet is bigger in vacuum than in the solvated model.
The CH bending and C-OC stretching bands have equivalent values in the 1204-1325 cm -1 interval, but bigger than the PLLA's one; the β-sheet and the structure described by DeSantis bands' intensities are 5-8 higher than in the case of the helices. It was observed that intensities of β-sheet in vacuum and solvation show outstanding values over the others, but these values are much smaller than in the case of PLLA. The intensities of the bands appearing in the IR spectra due to CH bending are much smaller in all five structures than the corresponding bands of PLLA. The band caused by CH bending and CH 3 scissoring vibrations have the same intensity, with the exception the β-sheet.
The values of the CH 3 scissoring vibrations show tremendous growth relative to PLLA. In the C=O stretching region the bands are very strong, but they are slightly smaller than the corresponding values in PLLA. The solvation increases importantly the intensities of CH bending and C-OC stretching and C=O stretching vibrations. In the 1815-1935 cm -1 region are the C=O stretching bands of PDLLA. The greatest intensity is shown by the β-sheet calculated in the solvated model. The calculated frequencies (cm -1 ) and peak band assignment for the helical structures and β-sheet of PDLLA are shown in tables 5-8. Table 8 . Peak band assignments for β-DL-LA10
NMR
Another important tool to characterize the structure of the polymer is the NMR spectroscopy. It was used 1 H NMR and 13 C NMR spectroscopy. In the 1 H NMR spectra the determined chemical shifts correspond to CH and CH 3 resonance. CO, CH 3 and CH resonance are found in 13 C NMR spectra. The 1 H NMR spectra of the PDLLA obtained by polycondensation of DL-lactic acid is shown in figure 6 . The NMR analysis of poly(lactic acid) were found β-DL-LA10 M062X 6-31G** M062X 6-31G** water ν(cm The shifts of 13 C NMR spectrum of the four secondary-type structure of PLLA calculated by DFT/M062x/6-31G** method are larger than those calculated in solvated models (Table 9. ). The 1 H NMR chemical shifts of PLLA are not always smaller in solution (Table 10. ). Taking into account all five NMR signals covered by these two Tables, the β and π structures appear to generally yield the closest values to the experiment. Figure 8 shows the calculated 1 H NMR spectrum of PDLLA. 
DL DeSantis
Same as in the case of PLLA the chemical shifts of 13 C NMR spectrum of PDDLA show smaller values in solvated model (Table 11. ). The 1 H NMR shifts due to CH resonance are bigger in all four structures (Table 12. ). The NMR spectra of PLA can give information about the stereochemistry of the composition. The CO chemical shifts are larger in the α, π and β forms of PLLA, while the CH 3 shifts are larger in the case of the three helical structures of PLLA. The chemical shifts of 1 H NMR spectra of PLLA show larger values in all cases except the CH shifts of β-sheet.
CONCLUSIONS
Geometry optimization performed on polylactic acid at different levels of DFT methods suggest that the most stable of the four structures is the π helix and the least stable is the β sheet.
The calculated chemical shifts of both 13 C NMR and 1 H NMR are slightly larger than the experimental one. The solvation reduces the value of the NMR chemical shifts.
The secondary structure of poly(lactic acid) cannot be conclusively clarified from the calculated IR and NMR spectra, suggesting either a need for using more appropriate computational methods or the occurrence of previously unconsidered elements of secondary structure, or the total lack thereof.
EXPERIMENTAL SECTION
Materials. Aqueous solutions of L-(+)-lactic acid from Sigma-Aldrich (80%), DL-lactic acid from Fluka (90%) were used. PLLA and PDLLA were synthetized by direct dehydropolycondensation. Lactic acid, toluene and 0.1% tin(II) 2-ethylhexanoate catalyst were mixed into a reaction vessel equipped with a Dean-Stark-type condenser, and heated to the refluxing temperature of the solvent. The reaction time was 20 h. The final product was dissolved in chloroform and precipitated in diethyl ether for purification. The polymer was then filtered out from diethyl ether and dried under vacuum.
Measurements. NMR spectra were recorded with a Bruker Avance 300 spectrometer at the following frequencies: 1 H, 300.13 MHz; 13 C, 75.47 MHz (reference TMS) with DMSO-d 6 as the sovent. IR spectra were recorded with a Vector 22 Bruker spectrometer by direct introduction method and a Jasco FT/IR Specord 600 spectometer in KBr pills. The molecular weights were determined by MALDI-TOF MS (Matrix Assisted Laser Desorption Ionization) analysis with a Bruker BIFLEX III TM spectrometer.
Molecular simulation. A vibrational analysis and NMR simulation has been carried out to analyze the secondary structure of poly(lactic acid) resulted from esterification of ten lactic acid units, hereafter referred to as LA 10 . These models were built in the Hyperchem [28] software package using built-in options of the Editor module for creating helical structures as well as sheet. Spectroscopic parameters were predicted for helical (α, π, 103) and β-sheet structures, in an attempt to aid our on-going efforts in the synthesis and characterization of poly(lactic acid) variants.
The methods tested here include density functional (M062X/6-31G*, M062X/6-31G**, solvated M062X/6-31G**) applied with standard convergence criteria as defined in Gaussian 09 [29] . Spectral parameters were invoked using the commands Freq and NMR. In terms of the importance of solvation, this is estimated by comparing values computed in water (as a limit of very polar medium) and vacuum (as a limit of completely non-polar medium). Further detail on geometry optimizations and on relative energies of the structures are given elsewhere [30] . 
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